Introduction
Climate change, land subsidence and population growth in coastal areas lead to an increase in flood hazards and in its consequent economic damage and loss of life (Mendelsohn et al., 2011) . Frequency and destructiveness of floods will steadily increase if sustainable flood risk reducing measures are not adequately implemented. Flood risk can be reduced by various interventions, ranging from construction and maintenance of dikes and dams to mitigation measures such as flood warning systems (Carsell et al., 2004) and evacuation strategies (Kolen and Helsloot, 2014) . In a systems approach, multiple lines of defense are perpetuated, integrating structural and non-structural flood protection with coastal restoration (Lopez, 2009) . Within this context, efforts are being made to make greater use of nature-based approaches to flood risk reduction (Spalding et al., 2014; Bridges et al., 2015) . Coastal ecosystems, such as salt marshes, mangrove forests and reefs, can contribute to flood risk reduction by surge attenuation (Wamsley et al., 2010) , wave energy dissipation and erosion reduction (Gedan et al., 2011) . On the long term, they can raise their bottom surface because of their sediment trapping capacity, thereby counterbalancing the effect of sea level rise (Mckee et al., 2007) . However, these ecosystems are under threat worldwide because of sediment starvation (Adam, 2002; Willemsen et al., 2016) , land reclamation (Zhao et al., 2004) , deforestation (Bradshaw et al., 2007) and eutrophication (Deegan et al., 2012) . This has resulted in a global loss rate of 1-3% of total area per year (Duarte et al., 2013) . This trend necessitates conservation, sustainable management and restoration of coastal ecosystems to preserve, or even enhance their role in flood risk reduction. Coastal ecosystems can work stand-alone, but can also be incorporated into hybrid solutions, where ecosystems are utilized as vegetated foreshores along engineered structures. Depth-induced wave breaking, bottom friction and wave attenuation by vegetation lead to a reduction in wave energy over the foreshore, which reduces the required strength and dimensions of structural interventions (Vuik et al., 2016) . Hybrid solutions are especially suited for low-lying and flat delta areas, since ecosystems can efficiently reduce wave energy, but are not able to keep out the surge completely.
Although vegetated foreshores are present along many coastlines, their role for coastal protection is rarely incorporated into flood protection strategies, and most examples of successful implementation concern small-scale pilot projects (Spalding et al., 2014) . One of the causes is a lack of methods for testing hybrid solutions according to engineering standards for safety, often expressed by means of the probability of failure . With state-of-the-art statistical and probabilistic techniques, it is possible to determine a failure probability and an optimal design of a traditional dike, considering the stochastic behavior of both load and strength (e.g. Vrijling (2001) ; Voortman (2003) ; Steenbergen et al. (2004) ), with applications in for example the Netherlands (Jonkman et al., 2008) , the UK (Buijs et al., 2004) and China (Zhang and Xu, 2011) . Some studies have applied probabilistic methods to sandy shorelines, to describe coastal cliff recession (Hall et al., 2002) and dune erosion (Den Heijer et al., 2012; Vuik et al., 2017) . Uncertainties are even more relevant for more complex flood defense systems like hybrid solutions, which combine ecological and engineering features. However, no methods are available to assess the failure probability of hybrid systems and to incorporate effects of relevant uncertainties, such as spatial and temporal variations in vegetation characteristics, wave attenuation by flexible vegetation, and stability of vegetation under extreme wave forcing. Consequently, it is difficult to assess effects of vegetated foreshores on safety.
The aim of this paper is to assess the failure probability of naturebased flood defenses, more specifically, for a configuration with a dike accompanied by a vegetated foreshore. A probabilistic model framework is developed, in which uncertainties in hydraulic loads, characteristics and functioning of the vegetated foreshore, and strength of the dike are taken into account. The two most prevalent wave-driven failure mechanisms are considered: (i) erosion of the crest and inner slope of the dike due to wave overtopping, and (ii) erosion of the revetment or grass cover on the outer slope due to impact of breaking waves. Different foreshore configurations are defined, inspired by dikes and salt marshes bordering the Dutch Wadden Sea. This paper shows how these foreshore configurations affect the failure probability of the flood defense, and to what extent different variables and processes influence this failure probability.
Methods

System description
In hybrid solutions, ecosystems are utilized as vegetated foreshores along engineered structures. The combined dike-foreshore system is schematized, as shown in Fig. 1 . Parameters will be introduced throughout the methods section, and are summarized in Appendix A. The combined characteristics of the dike, foreshore and vegetation determine the strength of the system. Hydrodynamic boundary conditions depend on the wind speed U 10 (m/s) and are represented by a still water level ζ (m MSL), significant wave height H m0 (m) and a characteristics wave period, such as the peak period T p (s) or the spectral mean wave period T mÀ1;0 (s). The foreshore is characterized by a flat part of B fs meter wide and an elevation z fs (m MSL), which is naturally close to high water spring, because of sediment deposition by the tide (Allen, 2000; Borsje et al., 2017) . Offshore from the marsh edge, the profile slopes under an angle α fs to the bed level z 0 (m MSL) of the tidal flats. The marsh vegetation is described by a set of physical characteristics and model parameters, which together determine the wave attenuating capacity and stability against stem breakage. This will be discussed in section 2.2.
Two different failure mechanisms of the dike are considered. Firstly, failure due to wave overtopping over the dike with crest level z c (m MSL) and slope angle α d , which occurs when the wave overtopping discharge q (l/s per m width) exceeds a maximum tolerable value q max that depends on the erosion resistance of the crest and inner slope of the dike (section 2.3). Secondly, failure due to wave impacts p (N/m 2 ) on the outer slope, which leads to damage of the cover and subsequent erosion of the underlying dike core material if the storm duration exceeds a threshold value. For this second failure mechanism, covers with grass (section 2.4) and asphalt (section 2.5) are considered. A model framework ( Fig. 2 ) is applied to compute the failure probability of a dike, including the effect of a vegetated foreshore. Local water levels and wave characteristics are generated by wind and tide. Wind speed, water level and offshore wave conditions are applied as boundary conditions. Without foreshore, a flat bottom at z 0 is considered. Presence of the vegetated foreshore affects the wave conditions, impact, run-up and, in extreme cases, overtopping over the dike. The framework consists of modules to account for foreshore effects (section 2.2), wave overtopping (section 2.3) or wave impact (sections 2.4 and 2.5). Fig. 1 . Schematic representation of a dike-foreshore system, with a stretched vertical scale. System characteristics and computed quantities are shown in black, boundary conditions in blue, and model parameters in red. Parameters will be introduced throughout the methods section, and are summarized in Appendix A. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) Fig. 2 . Model framework to compute a probability of failure. A limit state function Z is defined, and given by the difference between strength and load. The definitions of dike strength and wave load differ per failure mechanism.
A limit state function (LSF) describes dike failure in terms of the difference between strength (R) and load (S): Z ¼ R À S. Both load and strength are considered as stochastic (i.e., uncertain) variables. Failure occurs when Z < 0. The corresponding probability that the dike fails is PðZ < 0Þ, shortly denoted as the probability of failure P f . The framework is applied to compute this probability.
Modeling of foreshore effects
The foreshore is included in the framework of Fig. 2 via a onedimensional wave energy balance: whitecapping (S ds;w ), depth-induced wave breaking (S ds;b ), bottom friction (S ds;f ) and vegetation (S ds;v ). The energy balance is discretized, using a simple first order numerical scheme with step size Δx ¼ 5 m. The offshore wave period T p is considered in the energy balance. In addition, the equation of Hofland et al. (2017) is used to account for a possible increase in spectral mean wave period T mÀ1;0 over the shallow foreshore, based on the difference in depth between offshore mudflats (z 0 ) and foreshore (z fs ).Dissipation due to wave breaking, bottom friction and vegetation will be dominant on vegetated foreshores. Vegetation is described by cylinders with stem height h v (m), stem diameter b v (m), stem density N v (stems/m 2 ) and bulk drag coefficientC D (À). The dissipation formula of Mendez and Losada (2004) is implemented to account for wave attenuation by this vegetation. For depth-induced wave breaking, the formula of Battjes and Janssen (1978) is used, in which the breaker parameter γ (À) follows from Battjes and Stive (1985) . Bottom friction is represented by a roughness height k N (m), following Madsen et al. (1988) . The energy balance is primarily meant for computations over short distances, less than 1 or 2 km. For longer distances, a one-dimensional approach is mostly insufficient. However, to avoid an overestimation of the wave height reduction for relatively long foreshores, the processes wind input (due to Snyder et al. (1981) ) and whitecapping (due to Komen et al. (1984) ) are added. All these model descriptions correspond with the implementations in the spectral wave model SWAN (Booij et al., 1999) .If the wave-induced bending stresses exceed the plant's flexural strength, the stem will fold or break near the bottom (Rupprecht et al., 2017) . The stem breakage model developed in Vuik et al. (2018) is implemented in the model framework of Fig. 2 . This model compares the wave-induced bending stress with the flexural strength of the stems. Stem breakage occurs when the actual wave orbital velocity exceeds the stem's critical velocity, for stems with a circular cross-section expressed as
in which A c is an empirical correction factor for the wave-induced stress (À), h v;r ¼ ð1 À f r Þh v the reduced height (m) of the canopy after leaning and bending, b v;in the inner stem diameter in case of hollow stems (m), C D the drag coefficient for forces on cylinders (À), and C f the skin friction coefficient (À). This formula combines drag force over the reduced vegetation height and friction force over the part of the stem that leans horizontally in the flow (Luhar and Nepf, 2011) . Stems are assumed to break if the amplitude of the in-canopy orbital velocity caused by the highest 10% of the waves (H 1=10 ¼ 1:27H m0 ) exceeds the value of the critical velocity. Based on the variation of u crit over the stems due to variations in stem height, strength and diameter, a fraction of broken stems is computed. The total wave attenuation consists of a contribution by standing stems (with the original height h v ) and a contribution by broken stems (with a height of broken stems h v;br ). Details of this approach are described in Vuik et al. (2018) .
Failure due to wave overtopping
The limit state function Z (LSF) for wave overtopping is defined as the difference between tolerable and actual overtopping discharge:
in which q is the wave overtopping discharge (l/s/m), according to EurOtop (2016) , and q max is the tolerable overtopping discharge, which depends on the erosion resistance of the dike crest and rear slope. The lower part of Fig. 2 is more specifically represented by the content of Fig. 3 , in order to compute a probability of failure due to wave overtopping. A shallow foreshore can affect the amount of overtopping by a change in wave height, wave period, and thereby wave steepness s 0 and Iribarren number ζ mÀ1;0 ¼ tanðα d Þ= ffiffiffiffi s 0 p , in which α d is the dike slope angle. Three situations are distinguished in EurOtop (2016) , based on ζ mÀ1;0 :
1. Wind sea conditions and moderate to steep dike slopes (ζ mÀ1;0 < 2 À 3), where waves will break on the dike slope; 2. A situation where a foreshore reduces wave steepness (2 À 3 < ζ mÀ1;0 < 5), so that most waves will surge on the dike slope, without significant breaking; 3. A situation where heavy wave breaking on a very shallow foreshore leads to a flat wave energy spectrum without a clear peak, and where non-linear wave interactions transfer energy to infra-gravity wave frequencies (ζ mÀ1;0 > 7).
The tolerable overtopping discharge q max represents the erosion resistance of the grass cover on the crest and rear slope of the dike. Van der Meer et al. (2009) describe in-situ overtopping tests on dikes with grass covers on clay, and the damage to the slope for different overtopping discharges. For actual dike failure, large-scale damage and erosion is relevant.
Failure due to wave impact on grass covers
Where the cover of the crest and rear slope is affected by overtopping waves, the outer slope is primarily loaded by the impact of breaking waves. The limit state function Z gr (LSF) for failure of a grass cover due to wave impact is defined as the difference (hrs) between the time required to erode the top layer with grass roots t top and the clay layer t sub , and the effective duration t load;eff of the wave loads at a certain location on the Fig. 3 . Limit state function Z gr for failure of a dike due to erosion of the crest and rear slope, caused by wave overtopping. The limit state is defined, as the difference between strength (tolerable overtopping discharge) and load (actual wave overtopping discharge). slope:
The lower part of Fig. 2 is more specifically represented by the content of Fig. 4 , in order to compute a probability of failure due to wave impact on grass covers.
Equations for the time required to erode the grass and clay layer (t top þ t sub ) are based on De Waal and Van Hoven (2015) . The effective load duration t load;eff is the time span over which waves impact the dike slope at a certain location. This time span depends on (1) the time variation of the still water level and (2) the maximum distance to still water level for which waves are able to damage a grass cover. Appendix B gives a more detailed description of the formulas for failure due to wave impact on grass covers.
Failure due to wave impact on asphalt revetments
Failure of an asphalt revetment is a matter of fatigue. Breaking waves cause wave impacts on the dike, which leads to bending stresses in the asphalt layer. Theoretically, a crack can form when the bending stress due to an individual wave exceeds the flexural strength of the asphalt. In practice, it is more likely that asphalt will fail due to many repetitive load cycles. The model described in De Looff et al. (2006) is used to compute failure of asphalt revetments, which is based on the principle that the asphalt layer will fail when the actual number of waves exceeds the critical number of waves (Fig. 5) .
The maximum number of tolerable load cycles N max depends on the difference between the wave-induced bending stress σ (MPa) in the asphalt layer and the flexural strength σ br (MPa), and reads log 10 N max ¼ V β ðlog 10 ðσ br Þ À log 10 ðσÞÞ Vα ;
in which V α and V β are dimensionless parameters that describe the fatigue curve, based on laboratory tests of asphalt.Failure of the revetment occurs if the so-called Miner sum exceeds 1. A contribution to the Miner sum of 1=N max;i is computed for all waves i ¼ 1::N w within the load duration, where N max;i follows from Eq. (5).
This equation is included in logarithmic form in the model framework, to improve the convergence of the probabilistic computations:
The procedure to compute N w bending stresses σ is included in Appendix C.
Probabilistic method
The framework (Fig. 2 ) is used to compute the outcome of the LSF, Eq. (3) and (4) or (6), for any possible combination of input variables. Values of input variables are selected from their probability density functions, see Appendix A. The probabilistic method FORM (First Order Reliability Method, see Hasofer and Lind (1974) ) is applied to compute a probability of failure P f , using the open source implementation in OpenEarthTools (Van Koningsveld et al., 2010) . In case of wave overtopping, this is the probability that the tolerable overtopping discharge is exceeded, i.e. P f ¼ PðZ ov < 0Þ ¼ Pðq > q max Þ. FORM simplifies the mathematical problem by linearizing the LSF and transforming all probability distributions to equivalent normal distributions with mean value μ N i and standard deviation σ N i . The probability of failure P f is expressed in terms of a reliability index β via the cumulative standard normal distribution Φ:
FORM starts in a user-defined position in the probability density functions of all variables (i ¼ 1::n), for example with a relatively high value for the boundary conditions, in combination with the mean value of all other parameters. This point is the first guess of the so-called design point X Ã . The final design point should represent the most likely parameter values associated with failure. FORM uses an iterative method to update the design point until convergence of the design point and corresponding reliability index is reached. Statistical dependence between different variables is taken into account via Gaussian correlation, characterized by Pearson's correlation coefficients. This choice is discussed in more detail in section 3.2. Correlated input variables are transformed into independent standard normal variables via Rosenblatt transformation (Rosenblatt, 1952) . See Jongejan et al. (2011) for an example of application of FORM in the context of flood risk.
In each iteration, FORM tests how strong the LSF responds to a perturbation of each individual variable X i . The response is expressed in terms of the partial derivative ∂Z=∂X i . Based on these partial derivatives, importance factors α i are calculated (where P α i ¼ 1). For example, a large importance factor for the marsh width B fs indicates a strong response of the limit state function to the standard deviation σ N i of this variable. The uncertainty in foreshore width has a strong influence on the failure probability in that case.
The design point and the partial derivatives are used to compute the reliability index of the system. The reliability index increases if the design point contains parameter values far from their mean values μ N i . A high reliability index (i.e., low P f ) is for example found if a dike only fails in case of extreme surge and waves, combined with a tolerable overtopping discharge far below the mean value. Based on the reliability index and the importance factors, the design point X Ã is expressed as Fig. 4 . Limit state function Z gr for failure of a dike due to wave impact on a grass cover on the outer slope. The limit state is defined, as the difference between strength (time required to erode the grass and clay layer, t c ¼ t top þ t sub ) and load (effective duration of wave loads on a certain point on the dike, t load;eff ). . Limit state function Z as for failure of a dike due to wave impact on an asphalt revetment on the outer slope. For each wave, it is determined how many of such waves the asphalt can withstand (N max ). The limit state function becomes negative (i.e., failure occurs) if the sum of 1=N max;i over all waves (i ¼ 1::N w ) exceeds 1.
Based on the sign of α i , load and strength variables can be distinguished. Negative importance factors correspond with load variables, such as the wind speed or the breaker parameter. Higher values of these variables lead to higher wave loads on the dike, and a higher probability of failure. A positive importance factor indicates that a variable acts as a strength parameter, for which a higher value leads to a lower probability of failure. Examples are foreshore elevation and dike crest level. Their values in the design point are below the mean value μ N i . The boundary conditions will usually dominate the probability of failure (α % À0:95). The dike will obviously not fail without an extreme storm, whatever the foreshore characteristics or tolerable overtopping discharge will be. Therefore it is more interesting to investigate the relative influence of the other variables, disregarding the importance factors of the boundary conditions. For this means, a new quantity is defined: the relative contribution c i of each system variable. System variables (i ¼ 1::n sys ) are variables that describe the state and functioning of the dike-foreshore system, i.e., all variables in Appendix A, except the boundary conditions. The relative contribution is given by
Classification of uncertainties
Different types of uncertainty can be discerned. The nature of a source of uncertainty has implications for the possibilities of reducing this uncertainty. Van Gelder (2000) distinguishes between inherent (or natural) uncertainties, statistical uncertainties and model uncertainties. Statistical uncertainties and model uncertainties are often put together, and identified as knowledge uncertainties, related to incomplete knowledge about the process under investigation (Merz and Thieken, 2005) .
Inherent (or natural) uncertainty is related to the inherent variability of nature, and can be subdivided into inherent uncertainty in time and space. Inherent uncertainty in time and space is caused by temporal and spatial variations in nature, which are inherently unpredictable. Examples are the maximum water level in the next 50 year, variations in properties of individual plants, asphalt aging, marsh edge erosion and seasonal variation in vegetation characteristics (Table 1) . Inherent uncertainty cannot be reduced.
Secondly, knowledge uncertainty is of interest, which can be subdivided into statistical uncertainty and model uncertainty. Statistical uncertainty has to do with the finite length of measurement time series, which causes uncertainty in the choice of a certain probability distribution type and its parameters. Time series are usually too short to ensure reliable estimates of events with a low probability of exceedance, such as the wave height with an annual exceedance probability of 1/1000. Longterm measurement campaigns can help to reduce statistical uncertainty. Also a lack of information on spatial variations can lead to statistical uncertainty. Field measurements with high spatial extent and resolution can help in reducing this source of uncertainty.
Model uncertainty describes the imperfections of model concepts. Model concepts, concerning hybrid flood defenses, describe for example the processes of wave breaking, wave attenuation by vegetation, stem breakage due to wave action and wave overtopping over the dike (Table 1 ). These models can be imperfect because the physics are not fully understood, or model concepts are simplified to restrict computation time. Knowledge uncertainties can be reduced by developing more sophisticated models or probability distributions.
Uncertainties can, besides on basis of their nature, be subdivided based on their location (Walker et al., 2003) . This is relevant in the context of vegetated foreshores, as there is a clear distinction between uncertainties related to the boundary conditions (wind, water level, wave conditions), the foreshore and the dike. Variables (see Appendix A) are categorized, based on their nature (inherent, statistical, and model uncertainty) and location (boundary conditions, foreshore, vegetation, dike).
Application
Site description
The schematized system is based on a dike with foreshore in the Wadden Sea (Fig. 6 ). Many kilometers of the Wadden Sea dikes of Denmark, Germany and The Netherlands are bordered by salt marshes, see Fig. 7. An extensive system of brushwood dams and drainage ditches facilitates sediment trapping, soil consolidation and vegetation growth. The system was originally meant for land reclamation. Nowadays, it is maintained to preserve the natural and agricultural values of the salt marshes (Bakker et al., 2002; Reise et al., 2010; van Loon-Steensma, 2015) . During storm surges, the wave loads on the dikes are reduced due to wave breaking, bottom friction, and wave attenuation by standing vegetation. The salt marshes are elevated around mean high water, due to sediment accretion, and are between a few hundred meters and 2 km wide.
Plant species composition on these marshes progresses from a seaward zone of pioneer plants (forbs, grasses and low shrubs), such as Salicornia europaea (common glasswort), Puccinellia maritima (common saltmarsh-grass) and Spartina anglica (common cordgrass), to more mature, taller plant species landwards, such as Elymus athericus (couch grass), Aster tripolium (sea aster) and Suaeda maritima (seepweed).
The dikes are at some locations fully covered with grass, while revetments are present at other places. These revetments are generally composed of different layers, with concrete elements in the tidal zone, an asphalt layer in the wave impact zone, and a grass cover in the wave runup zone (Fig. 8) . The crest and inner slope of the dike are normally covered with grass. The crest of the Dutch Wadden Sea dikes is situated at 8-9 m MSL. Outer slope angles vary between 1:3 and 1:8. A revetment is especially required at exposed locations and on steep slopes (1:3 or 1:4). Grass is only applied in the wave impact zone on gentle slopes (at least 1:6).
Specification of parameters and probability distributions
Appendix A gives an overview of the variables, present in the model, including the nature and location of the uncertainty, the probability distribution type used in the simulations, and the parameters of this distribution. This section gives background information on the choice of input variables. Values are presented as mean value AE standard deviation.
Dike geometry
The efficiency of vegetated foreshores in reducing failure probabilities is investigated for dike heights of 4, 6 and 8 m MSL, in combination with a 1:4 dike slope angle (Fig. 8) . In this study, lower dike heights are considered as a proxy for areas with a lower level of protection than in the Netherlands. A standard deviation of 0.1 m in crest level and 5% in Table 1 Examples of inherent uncertainties, statistical uncertainties and knowledge uncertainties in hybrid flood defenses, subdivided based on their location. slope angle is considered, to account for spatial variations in dike geometry and measurement inaccuracies, corresponding with Jongejan et al. (2011) . Effects of a berm, slope roughness and wave obliqueness are not considered here, for simplicity. The same 1:4 slope angle is considered to compute dike failure due to wave impact on asphalt revetments in the wave impact zone, between 2 and 6 m MSL. For dikes with a grass cover, more gentle slopes are mostly applied on coastal dikes. Therefore, a slope angle of 1:8 is used for computations on grass covers.
Wave overtopping
The distribution of tolerable overtopping discharge is based on the mean value (63 l/s/m) and standard deviation ( 
Grass covers
Grass covers can have different qualities: patchy grass on sand, open sods or homogeneous, closed sods. Only a strong grass cover on a mild slope is feasible at Wadden Sea dikes. Therefore, only a cover with closed sods on a 1:8 slope (indicated by G1) is considered here. For a description of grass quality (see Appendix B), a log-normal distribution for C a is used (1:82 AE 0:62 m). For C b and C c , deterministic values are applied (À0.035/hr and 0.25 m, respectively). These values are based on laboratory experiments, and adopted from Klerk and Jongejan (2016) . The effect of the small slope angle of 1:8 is taken into account via the multiplication factor r α in Eq. (13) 
Asphalt revetments
A new and correctly constructed asphalt revetment on a stable sandy subsoil can hardly be damaged by wave action. However, construction imperfections and asphalt aging may induce vulnerability to wave impact. Therefore, we consider the following two asphalt qualities (A1-A2): (A1) relatively low strength asphalt (σ br ¼ 3:0 AE 0:9 MPa and c sub ¼ 60 AE 12 N/m 3 ), and (A2) asphalt of poor quality, at the end of its lifetime 2013). Log-normal distributions are chosen, since this distribution type fits the data well and cannot have negative values (Kanning and Den Hengst, 2013) . The (deterministic) parameters that describe the fatigue curve, V α and V β , are 0.5 and 4.8, respectively.
Foreshore characteristics
The foreshore bathymetry is schematized as a vegetated flat part and a 1:100 slope from the marsh edge to the adjacent tidal flats at 0 m MSL. The foreshore elevation is set to 1.7 m MSL (Fig. 8) , close to mean high water spring (MHWS). Variations in bathymetry are not computed by means of a morphological model, but via a standard deviation on foreshore width and elevation. A standard deviation of 0.2 m is applied to the foreshore elevation, representing spatial and temporal variations in topographic data of the Dutch Wadden Sea. Storm impact on the bottom surface of salt marshes is very limited, according to post-storm observation (Spencer et al., 2015) as well as large-scale wave flume experiments (Spencer et al., 2016) . However, lateral erosion may cause marsh edge retreat during storms (Francalanci et al., 2013) . The magnitude of this lateral erosion is hard to predict. An arbitrary standard deviation of 50 m is taken into account to assess the sensitivity of the system's probability of failure to changes in foreshore width in the time scale of a single storm.
Foreshore models
Depth-induced wave breaking depends on the breaker parameter γ in the model, which is a function of the offshore wave steepness following Battjes and Stive (1985) . A standard deviation of 0.05 is applied, estimated from Fig. 1 in Battjes and Stive (1985) . Bottom friction is specified by means of a Nikuradse roughness length scale k N . Typical Manning roughness values for bottom surfaces without vegetation range from 0.02 to 0.04 m 1=3 =s. Conversion to k N via Bretschneider et al. (1986) gives a k N between 0 and 0.02 m for water depths between 0 and 3 m. This range is schematized by means of a uniform distribution with values between 0 and 0.02 m. The function to determine the increase in wave period T mÀ1;0 is multiplied with a factor f T with mean value equal to 1.0 and standard deviation of 0.09, to account for the uncertainty of the predictive formula proposed in Hofland et al. (2017) . They prescribe this standard deviation for a wave height to water depth ratio of approximately 0.5, which is often found on salt marshes due to depth-limitation of the wave height.
Vegetation properties
The most abundant plant species at the study location is Elymus athericus, a tall, thin and densely growing flexible grass. Characteristics of this species are taken from flume tests of M€ oller et al. (2014) 
Three-point-bending tests of the same vegetation were performed by Rupprecht et al. (2017) to assess mechanical properties, and reanalyzed by Vuik et al. (2018) to determine the flexural strength (mean value σ max ¼ 40 MPa). Two types of standard deviations are of interest. Firstly, inter-sample variation, which characterizes differences in mean values within the marsh. And secondly, in-sample variation, which characterizes variation of the individual stems within the sample. The inter-sample variation is used in the probabilistic calculations to select representative values for wave attenuation, whereas the in-sample variation is used to compute a fraction of broken stems in each grid cell. In-sample variation is based on the standard deviations mentioned in M€ oller et al. (2014) , and expressed in terms of coefficients of variation (CV) with respect to the mean values (CV ¼ σ=μ), see Appendix A. Inter-sample variation is based on variations between samples, taken from different locations on salt marshes along the coast of the province Friesland in the Netherlands, where extensive vegetation mapping and testing of mechanical properties was carried out in November 2016.
Apart from the vegetation characteristics, parameters have to be specified for the modeling of wave attenuation and stem breakage. For wave attenuation, a bulk drag coefficientC D ¼ 0:22 AE 0:05 is based on the parametrization proposed in M€ oller et al. (2014) , given the stem diameter of 1.3 mm and an orbital velocity of 1.0 m/s. Although information on the variation of bulk drag coefficients is missing, CVðC D Þ ¼ 0:25 is applied. For stem breakage, a theoretical value for the drag coefficient for cylinders in waves C D ¼ 1:0 is applied (Hu et al., 2014) . The bulk drag coefficientC D is lower than the drag coefficient C D , sinceC D includes the effects of swaying and leaning, which are not present in the description of wave attenuation by vegetation. For the skin friction coefficient C f , a value of 0.01 is adopted from Luhar and Nepf (2011) . Standard deviations of 0.25 for C D (CV ¼ 0:25) and 0.005 for C f (CV ¼ 0:50) are applied, to reflect the lack of knowledge on these parameters.
The reduction in stem height due to leaning f r ¼ ðh v À h v;r Þ=h v is based on observations in a wave flume by Rupprecht et al. (2017) . For the tests just before the initiation of folding, a canopy height of 9 cm was observed, which leads to a reduction of f r ¼ 0:87. To determine a suitable standard deviation, a value of h v;r ¼ 13 cm is considered, which leads to a standard deviation in f r of 0.04. The parameter A c ¼ 1:7 was found in the calibration of the stem breakage model for Spartina anglica, and applied in the validation for Elymus athericus in Vuik et al. (2018) . A standard deviation of 0.5 is applied to account for the uncertainty in the model predictions of the complicated process of stem breakage. This standard deviation is based on the differences in A c between the two plant species considered in Vuik et al. (2018) . Finally, a height of broken stems h v;br is specified by means of a uniform distribution ranging from 2 to 8 mm. Stems are seen to fold and break near the bottom, both in the flume (Rupprecht et al., 2017) and in the field.
Boundary conditions for wind, water level and waves
Boundary conditions are represented by the parameters wind speed U 10 , still water level ζ, significant wave height H m0 and mean wave period T mÀ1;0 . The probability distributions of these parameters represent the situation at the marsh edge of the salt marshes in the Dutch Wadden Sea, along the coast of the province of Groningen (Fig. 6) .
First, a joint probability distribution for wind speed and water level is determined, based on a time series with 30 years of measured still water levels, wind directions and wind speeds. A peak-over-threshold analysis is performed to select storms for which the 97.5% percentile value for wind speed and/or water level is exceeded, during at least 6 h. Storms are selected with a wind direction at the peak water level within a sector of 45 around North-West (292.5-337.5 nautical degrees). Only storms from this wind sector generate high surge in the Wadden Sea (Fig. 6 ). Adding storms outside this sector does only result in more scatter, without significant influence on the marginal distribution for the water level. Since the data exhibits greater dependence in the positive tail than in the negative, a Gumbel copula (with parameter α ¼ 2:24) is chosen to describe the correlation structure. See e.g. Salvadori et al. (2014 Salvadori et al. ( , 2015 and Sebastian et al. (2017) for recent applications of copula's in the field of coastal engineering. Two Generalized Extreme Value (GEV) distributions are fitted through the data, to obtain marginal distributions for wind speed and water level. A Poisson distribution (with parameter λ ¼ 6:4) describes the number of storms per year in the selected wind sector. This set of distributions defines statistics per storm event.
Statistics per storm event are converted into statistics per year, by simulating 10,000 years of data via Monte Carlo sampling. For each year, a number of storms N is sampled from the Poisson distribution, and N random realizations of wind speed and water level are drawn from the Gumbel copula. From these N realizations, the annual maximum still water level and corresponding wind speed are selected. This leads to a new data set, with 10,000 simulated annual maximum still water levels and corresponding wind speeds. Marginal GEV distributions are fitted through these new data, and the correlation between both variables is described by a Gaussian copula with ρ ¼ 0:43, since no asymmetrical tail dependence is visible for the annual maximum values.
V. Vuik et al. Coastal Engineering 139 (2018) 47-64 An existing database with the results of SWAN computations is deployed to determine wave conditions at the marsh edge. These SWAN computations were carried out to determine wave loads for the official assessment of the Dutch dikes surrounding the Wadden Sea (Groeneweg et al., 2010) . 10,000 random data pairs with wind speed and water level are sampled from the Gaussian copula with ρ ¼ 0:43. A wave height and wave period are coupled to these data pairs via 2D interpolation between the values in the database for the nearest wind direction (330 ). The extreme values of the sampled wave parameters could well be described by Weibull type marginal distributions, and Gaussian correlation between the variables. Parameters of all distributions and correlation coefficients are included in Tables 9 and 10 in Appendix A. Some characteristic values from the marginal distributions are shown in Table 2 . Model uncertainty of the SWAN model was analyzed by Chbab and Groeneweg (2015) , by comparing model results and measured wave conditions. Wave heights and wave periods are multiplied with a normally distributed model factor with a mean value (bias) and a standard deviation.
For wave impact on the outer slope, also the load duration is of importance, Eq. (14). Storms are selected from a time series, measured at a nearby measurement station at Eemshaven, deployed by Rijkswaterstaat. A mean value and standard deviation of the load duration have been determined for different values of the layer height Δz.
Definition of dependencies
Variables are assumed to be independent, except for situations with physical or statistical arguments for correlation. In the latter situation, Gaussian correlation between input variables is applied (section 2.6) for the following variables.
-dependence between wind, water level, wave height and wave period (see Section 3.2 and Table 10 
Results
Overview of simulations
Failure probabilities are computed for various system configurations, based on the salt marshes in the Dutch Wadden Sea. System components (dike, foreshore bathymetry, vegetation, vegetation stability), and the corresponding models and variables, are stepwise added to the simulations to assess their effect on the probability of failure. Table 3 explains which system components are included in the simulations. The reference case is a situation with only a dike, with a uniform foreshore at the level of the offshore tidal flats z 0 . Next, a non-vegetated foreshore with the bathymetry of a salt marsh is considered. After that, vegetation is added, disregarding possible stem breakage. Finally, the model is completed by adding the stem breakage model and vegetation stability characteristics. A fraction of broken stems is computed in those simulations.
For each system configuration, a probabilistic (P) and deterministic (D) simulation is performed (Table 3 ). In the deterministic simulations, a standard deviation of 0 is assigned to variables that describe the foreshore, vegetation, and associated models. In the probabilistic computations, uncertainties in these parameters are included.
Probability of failure due to wave overtopping
An annual failure probability is computed for the different system configurations, considering erosion of the dike due to wave overtopping for three different crest levels (Fig. 9 ). Without a foreshore (i.e., foreshore at MSL), an annual failure probability of 1/18 is computed for a crest level of 4 m MSL (i.e., dike failure would occur every 18 year, on average). This probability reduces to 1/2200 for a 6 m MSL crest level, and to 1/1,500,000 for 8 m MSL. The ratio in dike volume (m 3 /m) between these three dikes is approximately 1:2:4. Corresponding reliability indices β are 1.60, 3.32 and 4.83, respectively. Effects on the failure probability can best be expressed in terms of a change in reliability index (Δβ), where a higher reliability index implies a lower failure probability, Eq. (8). Addition of a foreshore without vegetation leads to Δβ ¼ 0:21 (4 m MSL) up to 0.32 (8 m MSL). A foreshore with stable vegetation has a considerably higher effect: Δβ ¼ 0:60 (4 m MSL) up to 0.70 (8 m MSL). However, if also stem breakage is taken into account, the probability of failure approaches the situation of a non-vegetated foreshore due to severe breakage of vegetation, especially for the dikes of 6 MSL and 8 m MSL (Table 4) . Under such conditions, wave attenuation by vegetation reduces to the influence of short, broken stems only. Fig. 9 also shows that the influence of uncertainties in foreshore bathymetry and wave model parameters is of minor importance, looking at the difference between a probabilistic (yellow bars) and deterministic description of the foreshore (gray bars underneath). Only for computations with stable vegetation, considerable differences are visible between the deterministic and probabilistic (green bars) simulations. Now we consider the design points of the simulations (Table 4) . The presence of a salt marsh leads to a shift in hydrodynamic conditions. Failure of a dike with foreshore occurs at higher water levels than without foreshore (i.e., foreshore at MSL). Waves are higher offshore, but lower at the dike. A distinct wave height reduction is visible for configurations with a shallow foreshore, due to energy dissipation by breaking and vegetation, whereas energy gain due to wind input can occur on a low foreshore. The overall effect of the foreshore on wave overtopping is reduced due to an increase in mean wave period T mÀ1;0 over the foreshore. High waves lead to high fractions of broken stems for the configurations with dike crest levels at 6 and 8 m MSL. The orbital velocities for these waves (u 1=10 ¼ 1:6 m/s for z c ¼ 8 m MSL) are clearly higher than the critical velocity of the majority of the Elymus stems (u crit ¼ 1:0 AE 0:3 m/s).
As an alternative interpretation of Fig. 9 , a required crest level can be determined for a fixed target probability, using logarithmic interpolation. For example, for a target annual failure probability of 1/1000, a crest level of 5.67 m MSL is required for a dike only (i.e., a dike with a foreshore at MSL). This required crest level reduces to 5.38 m MSL (nonvegetated foreshore), 4.89 m MSL (foreshore with stable vegetation) or 5.16 m MSL (foreshore with breakable vegetation). The difference in required crest level at this target probability equals 0.29 m, 0.78 m and 0.51 m, respectively. The corresponding reductions in required dike volume above MSL are 10%, 25% and 16%, assuming a crest width of 2 m and inner and outer slope angles of 1:4. If we neglect uncertainties on the foreshore, and work with mean values for all foreshore characteristics and model parameters, the differences in required crest level at 1/1000 are only slightly larger: 0.29 m, 0.86 m and 0.60 m, respectively. This confirms the aforementioned observation that uncertainties concerning the foreshore have less effect on the failure probability than uncertainties in boundary conditions, wave overtopping model, dike geometry and dike strength. Fig. 10 shows how the relative contribution of system components to the failure probability, Eq. (10), is distributed over the different system components listed in Table 3 : 'dike characteristics' (i.e., uncertainty in geometry and strength), 'wave load model' (i.e., the wave overtopping formulas), 'foreshore bathymetry', 'wave model', 'vegetation properties', 'vegetation model', 'vegetation stability properties' and 'vegetation stability model'. For example, the relative contribution of the system component 'vegetation properties' is equal to the sum of the c i of the variables stem density, stem height and stem diameter, see Appendix A. The first 3 bars in the figure show the relative contribution of the different system components for a 'dike only' system with mean crest levels of 4, 6 and 8 m MSL. The other groups of 3 bars belong to the system configurations that include a non-vegetated foreshore, a foreshore with stable vegetation, and a foreshore with breakable vegetation, Table 3 System components (rows), included in the 4 different simulations (columns), which are carried out in probabilistic (P) and deterministic (D) mode. System components are included via their mean value ('*') or its full probability distribution ('X'). Fig. 9 . Probability of failure for the four different system configurations of Table 3 , for three different dike crest levels. Computations with a probabilistic (colored bars) and deterministic (gray bars with red lines) description of the foreshore are shown (see Table 3 ). Dike sections are shown (vertical scale exaggerated), with the dike volume above mean sea level (m 3 /m) inside. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) Table 4 Annual failure probabilities for different foreshore configurations and dike heights, with the hydrodynamic conditions in the corresponding design points. respectively. The figure shows that uncertainties in dike geometry and dike strength dominate the probability of failure for a dike only (apart from the boundary conditions). Uncertainty in wave overtopping discharge (especially parameter b 1 ) gains relative importance with increasing dike height. This is partly due to an increase of its importance factor (α ¼ 0:05 for 4 m MSL and 0.16 for 8 m MSL), and partly due to a decrease of the importance factor for the uncertainty (σ ¼ 0:10 m) in dike crest level (α ¼ 0:11 for 4 m MSL and 0.08 for 8 m MSL). If a non-vegetated foreshore is added to the system, the components 'foreshore bathymetry' and 'wave model' come into play. Uncertainties in foreshore bathymetry (especially in the foreshore height z fs ) are mainly important for a low dike, whereas the influences of uncertainties in wave model parameters (especially the breaker parameter γ) increase with increasing dike height. In general, uncertainties in system characteristics are more important for low dikes and high failure probabilities. Model uncertainties show the opposite trend, with higher importance for high dikes with low failure probabilities.
Relevance of uncertainties for wave overtopping
The right half of the figure deals with vegetated foreshores. If the vegetation can be considered as fully stable, vegetation characteristics (especially the stem density N v , due to its high spatial variation) and vegetation model (i.e., the bulk drag coefficientC D ) dominate the uncertainty. However, most Elymus stems will break under these conditions. Therefore, addition of the stem breakage model changes the dominant uncertainties drastically. The influence of uncertainty in bulk drag coefficient (vegetation model) diminishes, as it does not only increase wave attenuation, but also stem breakage, due to the correlation between C D andC D . Uncertainty in vegetation stability has the largest contribution for the system with a low dike (4 m MSL). Also vegetation characteristics are still important for this configuration. Stem density acts as a strength variable (α > 0), whereas stem height acts as a load variable (α < 0). This is because of the lower stability of longer stems, which dominates over the effect on wave attenuation. For the high dike (8 m MSL), uncertainty in the stem breakage process diminishes, as almost all stems will undoubtedly break. The distribution of relative contributions strongly resembles the situation of the non-vegetated foreshore.
Sensitivity analysis for wave overtopping
Different variations are applied with respect to the system characteristics of the base case, listed in Appendix A, to test the response of the failure probability to different choices concerning important system characteristics. In the panels below, the effect of a vegetated foreshore (with breakable vegetation) is shown along different gradients, in the panels a-f: Effects can best be expressed in terms of the reliability index β, which is directly related to the failure probability via Eq. (8).
First, variations in foreshore width are applied (B fs ¼ 100 m, 300 m and 900 m), see Fig. 11, panel (a) . Wider foreshores lead to lower failure probabilities, especially if the vegetation remains stable (low dike, 4 m MSL), since wave attenuation by vegetation is more dependent on marsh width than, for example, wave breaking. Logically, uncertainty in marsh width is more important for small marshes, for equal standard deviation of 50 m. However, even for the 100 m wide foreshore, the importance factor α for the uncertainty in marsh width (0.07-0.09, depending on crest level) is still smaller than for example the importance factor for the tolerable overtopping discharge (0.09-0.19).
The mean value of 63 l/s/m for the tolerable overtopping discharge q max is valid for healthy grass covers on clay. Dikes with a damaged grass cover, or a sandy subsoil, are characterized by a significantly lower erosion resistance. Panel (b) compares the failure probabilities for values of 63 (base case) and 6.3 l/s/m (factor 10 lower). Also the standard deviation is divided by 10. The effect of a vegetated foreshore compared to a dike only system is slightly larger (Δβ ¼ 0:46 À 0:74) for the lower tolerable overtopping discharge compared to the base case (Δβ ¼ 0:34 À 0:51). This means that vegetated foreshores are more effective for dikes with lower overtopping resistance.
Next, the effect of vegetation strength σ max is investigated. Panel (c) contains failure probabilities for the base case (medium strength), strength values (both μ and σ) divided by 2 (low strength), values multiplied by 2 (high strength), and fully stable vegetation. The vegetation in the high strength simulation behaves as fully stable for the low dike (only 8% breakage, against 48% in the base case). The difference between strength scenarios decreases for the medium dike and high dike, as the fractions of broken stems become 53% and 87%, respectively, versus 89% and 96% in the base case. A factor 2 in flexural strength is equivalent to a factor ffiffiffi 2 p in stem height or stem diameter, see Eq. (2), so shorter or thicker stems would display comparable behavior (disregarding correlation effects).
Panel (d) shows the system behavior when correlation between wind speed and water level is weaker (ρ ¼ 0:10) or stronger (ρ ¼ 0:90) compared to the base case (ρ ¼ 0:43). The corresponding dependence of wave conditions on wind speed and water level is determined in the same way as for the base case, see section 3.2. A lower correlation between wind and water level may occur if variations in river discharge or storage volume in a lake are more relevant. Lower correlation leads to higher reliability indices. However, also the effect of a vegetated foreshore (the length of the lines) becomes smaller. This is because the dominant loading conditions can shift to a situation with moderate waves combined with high water depths, for which the interaction between waves and the vegetated bottom surface is lower. Such a shift is more likely in case of low correlation.
Panels (e) and (f) show the effect of offshore wave height and sea level rise, which can both be induced by climate change. For the offshore wave Fig. 10 . The relative contribution of the different system components from Appendix A to the probability of failure due to wave overtopping. System configuration are, from left to right: a dike without foreshore, a non-vegetated foreshore, a foreshore with stable vegetation, and a foreshore with breakable vegetation. The three bars per system configuration belong to the three different crest levels in the computations (4, 6 and 8 m MSL). height, the shape parameter of the Weibull distribution is 2.05 (base case), 2.26 (lower wave height) or 1.85 (higher wave height). Differences between offshore wave height reduce due to the presence of a foreshore, which makes a foreshore slightly more efficient in case of high offshore waves (panel e), which is in line with van Wesenbeeck et al. (2017) . For sea level rise, a scenario is added with an increase in still water level of 0.50 m with respect to the original water level statistics (panel f). Without morphological adjustment, sea level rise will also cause an increase in wave heights (Arns et al., 2017) . Therefore, the incoming wave height is amplified as well, by applying a wave height to water depth ratio (H m0 =ðζ À z 0 Þ) identical to the situation without sea level rise. The computations show that the effect of a vegetated foreshore on β decreases in case of sea level rise.
4.5. Probability of failure due to wave impact on revetments (foreshore with stable vegetation). These differences in β are higher for low quality (A2): 1.13, 1.45 and 1.75, respectively. According to the model, 90 (A2) to 96% (A1) of the vegetation breaks. Effects of foreshores on reliability indices, and thus on failure probabilities, are considerably higher than for failure due to wave overtopping. According to the implemented models for asphalt and grass, a high quality grass cover on a 1:8 slope has a strength comparable to low quality asphalt (A2) on a 1:4 slope. Presence of a salt marsh leads to an increase in β of 1.18 (foreshore without vegetation), 1.45 (foreshore with breakable vegetation) or 1.76 (foreshore with stable vegetation), which is similar to the results for an asphalt revetment.
Relevance of uncertainties for wave impact on revetments
Generically speaking, the distribution of uncertainties for wave impact on revetments (Fig. 13) is similar to the case of failure due to wave overtopping (Fig. 10) . The main difference is the contribution of uncertainty in dike strength. For wave overtopping, the overall uncertainty is dominated by the boundary conditions only, with a minor contribution ( P α 2 i % 0:02 À 0:05) of dike characteristics and strength. For asphalt revetments, uncertainty in asphalt properties is of significant importance ( P α 2 i % 0:30 À 0:55), which implies that failure of asphalt revetments most likely occurs due to a moderate storm combined with a pessimistic Fig. 11 . Sensitivity of the reliability index β to different values of the marsh width (panel a), tolerable overtopping discharge (b), flexural strength of the vegetation (c), correlation coefficient between wind, water level and wave height (d), offshore wave height (e) and sea level rise (f). Circular markers at the lower end of the lines concern the dike only system; the square markers at the upper end of the lines concern the system with a vegetated foreshore. The numbers below the lines show the differences in β between both systems (i.e., the length of the lines).
scenario for the asphalt strength.
Since strong waves are required to break medium strength asphalt (A1), most vegetation will break, and the distribution of uncertainties of a foreshore with breakable vegetation strongly resembles the case of a foreshore without vegetation. For low strength asphalt (A2) and closed grass sods (G1), the uncertainty in vegetation stability is more relevant. However, considering the Elymus vegetation as fully stable is not realistic in both cases.
Discussion
Uncertainties of nature-based flood defenses are not yet systematically evaluated. This paper is a first assessment of uncertainties surrounding dikes with a grass or asphalt cover combined with a vegetated salt marsh foreshore. It shows how different foreshore configurations affect failure probabilities of hybrid flood defenses, and how uncertainties in different system components contribute to this probability of failure.
Discussion of methods
The model framework consists of different connected modules, each with its own limitations. Formulas for dike failure due to wave overtopping or wave impact on asphalt and grass covers are simplified descriptions of complicated processes, as well as the description of wave attenuation by flexible vegetation that is prone to stem breakage. Marsh edge erosion is an example of a process that is simply taken into account via a standard deviation on the marsh width. There may be room for improvement in all these models. However, this is outside the scope of the current study, which focuses on integrating different models into one probabilistic calculation framework. The similarity in results for three independent models for dike failure mechanisms gives confidence in more general validity of the main conclusions in this paper.
Results are based on a specific site with an exposed dike and salt marsh in the Dutch Wadden Sea, with vegetation characteristics of Elymus athericus. Choices regarding probability distributions are mostly based on field and flume observations, which results in a realistic case study. Some choices are generically valid, other choices will be more sitespecific. The sensitivity analysis shows that trends and conclusions are more broadly applicable than the specific location only. Regardless, the probabilistic framework can be applied to any other location where a dike is loaded by waves, and bordered by a vegetated foreshore. Examples are wetlands surrounding the Mississippi delta (USA) and hybrid flood defenses with mangroves and levees in the Mekong delta (Vietnam).
The First Order Reliability Method (FORM) is a relatively simple probabilistic method, which is able to compute a failure probability in 20-40 iterations. Within each iteration, 2 computations are performed for each stochastic variable, since 2-sided derivatives are applied. Computation times are approximately 1 min per failure probability on one CPU. Only computations with stem breakage take longer (ca. 10 min), since internal sampling from distributions is involved to determine a fraction of broken stems. Alternative probabilistic methods, such as Monte Carlo, Importance Sampling or Numerical Integration require considerably more computational time. We did not experience convergence problems of the iterative FORM computations, as long as continuous functions were used, and an initial design point was specified for which non-zero partial derivatives could be calculated.
Discussion of results
Presence of a salt marsh foreshore reduces the failure probability of the dike in behind, compared to a situation with a foreshore around mean sea level. This reduction is caused by depth-induced wave breaking, bottom friction and wave attenuation by vegetation. Stem breakage and an increase in mean wave period T mÀ1;0 are factors that may reduce the efficiency of a vegetated foreshore. The reduction does not only apply to conditions with low water levels, since a system is considered here with positive correlation between wind speed, water level and wave height, characterized by depth-limitation of the wave height. An increase in water level will be accompanied with an increase in wave height. The ratio between wave height and water depth determines the efficiency of a vegetated foreshore, not the water depth only (Vuik et al., 2016) . The additional wave damping effect of vegetation on the salt marsh decreases with increasing water depth and wave height, as more stems will break. Fig. 12 . Probability of failure due to wave impact on revetments for a revetment of medium strength (A1) and low strength asphalt on a 1:4 slope (A2), and closed grass sods on a 1:8 slope (G1). Computations with a probabilistic (colored bars) and deterministic (gray bars with red lines) description of the foreshore are shown (see Table 3 ). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) Fig. 13 . The relative contribution of the different system components from Appendix A to the probability of failure due to wave impact on revetments. System configuration are, from left to right: a dike with no foreshore, a nonvegetated foreshore, a foreshore with stable vegetation, and a foreshore with breakable vegetation. The three bars per system configuration belong to a revetment of medium strength (A1) and low strength asphalt on a 1:4 slope (A2), and closed grass sods on a 1:8 slope (G1).
The reduction in probability of failure due to wave impact on asphalt revetments or grass covers is more pronounced than for failure due to wave overtopping. The reason is that revetments can already be heavily impacted by waves at relatively low water levels. An increased water level is only needed to obtain a water depth for which high waves can reach the dike. With a foreshore at 0 m MSL, high waves can already damage the lower part of the revetment at a water level of approximately 4 m MSL. When a foreshore is present at 1.7 m MSL, such high waves can only reach the dike for higher water levels, with a much lower likelihood. This directly affects the probability of revetment failure. In contrast, severe wave overtopping and subsequent erosion requires high water levels, close to the dike crest level. The relative difference in water depth between situations with foreshores at 0 and 1.7 m MSL is smaller in that case.
This paper shows that the total relative contribution of uncertainties concerning the vegetated foreshore is generally smaller than the contribution of uncertainties related to dike geometry and strength. This seems counter-intuitive, since especially vegetation characteristics are characterized by a high spatial and temporal variability. However, the probabilistic computations shed light on the relevance of such uncertainties for failure of hybrid flood defenses. Uncertainty in dike strength is still dominant in most cases. This finding allays concerns about a lack of certainty with respect to this kind of solutions , on short time scales. This holds for both dike failure mechanisms that were considered in this paper: erosion of the crest and rear slope due to wave overtopping and erosion of the outer slope revetment due to direct wave impact.
The relevance of different uncertainties depends on the protection level. In the application shown in this paper, vegetation and the related uncertainties are only relevant for the low dike. Most vegetation will withstand the wave forcing, since relatively low waves already lead to overtopping of the dike. The amount of standing vegetation strongly depends on the stability characteristics. Also uncertainties in initial vegetation state (stem diameter, height and density) are important. These characteristics lose importance with increasing dike height and protection level. Eventually, for a very high dike, which should withstand high waves, it is very likely that almost all vegetation will break. It is not reasonable to take into account wave attenuation by vegetation, while disregarding the threshold of stem breakage. Wave forces that lead to failure of the dike are too strong for the vegetation, and the distribution of relevant uncertainties is very similar to the situation of a dike with a non-vegetated foreshore.
Flood defenses which provide a relatively low protection level are found in many countries in the world (Scussolini et al., 2016) . These countries are confronted with other relevant uncertainties than countries with a high protection level (Fig. 14) . This finding can be used to make recommendations for future research. Inherent uncertainty and statistical uncertainty (section 2.7) concerning the state of the foreshore and vegetation are especially important for low dikes with low strength. Monitoring and predicting the variability of the foreshore and vegetation is very important in such conditions, as well as restriction of the variability by management, for example by grazing, permeable dams or marsh edge protection. Research and measurements will decrease knowledge uncertainty, and will strongly affect failure probabilities.
In countries with high and strong dikes, uncertainty in vegetation characteristics and foreshore bathymetry is less important (Fig. 14) . This leads to a paradox: in countries with a high protection level, there is often a lot of data available concerning the foreshore and vegetation, while the need for these detailed data is relatively low. Foreshore geometry is more relevant than the vegetation, because of expected stem breakage in design conditions. Given an initial foreshore state, the overall uncertainty is restricted to the severity of storm conditions (mostly beyond the measured range), and to the dike strength. Therefore, a simple description of foreshore characteristics and processes suffices for high and strong dikes. Further, research regarding the protective value of vegetated foreshores should focus on morphological development, including interactions with vegetation. While the direct role of vegetation under design conditions is limited, it does play an important indirect role in the medium to long term via bio-geomorphological interactions. Vegetation affects geomorphology via wave attenuation under moderate conditions (M€ oller et al., 2014) , subsequent sediment trapping (Mudd et al., 2010) , and stabilization of the salt marsh platform with its root systems (Francalanci et al., 2013; Lo et al., 2017) .
Nature-based solutions for flood risk reduction are supposed to reduce the effect of climate change (Kirwan and Megonigal, 2013) . This can partly be attributed to the aforementioned sediment trapping capacity, which makes that the foreshore can keep pace with sea level rise. This paper confirms that accretion on the foreshore is required to retain its efficiency. Further, higher offshore waves lead to a greater effect of foreshores on the failure probability, which implies that the impact of increasing storminess (Jones et al., 2012) will be lower if a foreshore is present.
Added value of a probabilistic approach
Application of a probabilistic approach gives insights in the absolute and relative importance of different uncertainties for flood risk reduction. Many parameters are needed to describe the characteristics and behavior of the hydrodynamics, dike, foreshore and vegetation. It is highly unlikely that unfavorable values for all those parameters occur simultaneously. Accumulation of conservative estimates would lead to an over-conservative design, which should be avoided. This can best be illustrated using a simple example with 2 parameters. We combine a water level with an annual probability of exceedance of 1% (once every 100 years, on average) with a conservatively chosen low bulk drag coefficient with a probability of non-exceedance of only 1%. This combination has a joint annual probability of occurrence of only 0.01% (assuming independence). Probably, the combination of a water level with an annual probability of exceedance of 0.01% (once every 10,000
Fig. 14. The relative contribution of different uncertainties to the probability of failure due to wave overtopping. Uncertainties are subdivided into (1) dike (geometry, strength and overtopping model), (2) foreshore (geometry and wave model), (3) vegetation (characteristics and model parameters) and (4) vegetation stability (characteristics and model parameters). Contributions are shown for different foreshore configurations (three panels) and different crest levels (horizontal axes).
years, on average) and the mean value of the bulk drag coefficient will lead to a worse situation. Both combinations have the same joint probability of occurrence. There is a need for a method that decides which variables should be chosen conservatively, and which variables may be chosen close to the expected value. The probabilistic method FORM, which was applied in this paper, provides such guidance in the form of design points.
Conclusions
This paper has investigated the probability of failure of a hybrid flood defense, which consists of a dike accompanied with a vegetated foreshore. An integrated modeling framework was developed, combining characteristics and model descriptions of the hydrodynamics, dike strength, foreshore bathymetry and vegetation. Probability distributions were based on field and flume observations. The probabilistic method FORM was applied to determine which uncertainties are most influential, and to compute the overall probability of failure of the dike-foreshore system. In this way, a hybrid flood defense can be assessed according to the same state-of-the-art standards as a standalone dike.
Two wave-driven failure mechanisms were considered: failure due to wave overtopping and failure due to wave impact on dike slope revetments. Vegetated foreshores cause a reduction in dike failure probability, which is caused by wave breaking, bottom friction and wave attenuation by vegetation. The effect of foreshores on wave impact on revetments is larger than their effect on wave overtopping, since waves are able to damage revetments already at moderate water depths, for which differences in foreshore configuration have a relatively high impact. Wave attenuation by vegetation has the highest effect on failure probabilities at low protection levels. This effect will become marginal if a high protection level is required. The flood defense should then be able to withstand high waves, which lead to stem breakage of most vegetation.
The effect of a vegetated foreshore on the probability of failure due to wave overtopping.
-increases with foreshore width, -decreases with overtopping resistance of the dike, -increases with vegetation strength, -increases with increasing dependence between wind, water level and wave height, -increases with offshore wave height, -and decreases with sea level rise, without change in foreshore elevation.
The model provides insights into the relative contribution of various uncertainties to the failure probabilities. The relevance of different uncertainties depends on system configuration and protection level. For low dikes, most vegetation will withstand the wave forces under design conditions, and uncertainties in vegetation characteristics and behavior strongly influence the probability of failure. For high dikes, the overall short-term uncertainty is restricted to the storm conditions and dike strength. The foreshore causes wave energy dissipation by depth-induced wave breaking on the salt marsh platform.
Hybrid flood defenses can now be assessed according to the state-ofthe-art standards based on failure probabilities, in which both uncertainties in load and strength are considered. Different sources of uncertainties can be compared, involved in hydraulic loads, dike geometry and strength, and characteristics of the vegetated foreshore. This enables the assessment of nature-based solutions as an alternative to more traditional engineering solutions.
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Appendix A. Overview of probability distributions
The tables in this Appendix summarize all parameters and probability distributions used in the calculations. The following abbreviations are used. For nature of uncertainty: inherent (I), statistical (S) and/or model uncertainty (M); for location of uncertainty: boundary conditions (B), foreshore (F), vegetation (V), dike (D); for distribution type: normal (N), log-normal (L), uniform (U), Weibull (W), Generalized Extreme Value (G), deterministic (D). Table 9 Boundary conditions (wind, water level, waves). Appendix B. Failure due to wave impact on grass covers
This appendix summarizes the formulas describing dike failure due to wave impact on grass covers, and its implementation into a limit state function. Equations for the time required to erode the grass and clay layer are based on De Waal and Van Hoven (2015) . Erosion of a grass cover starts at a certain threshold wave height c c (m), and increases with H m0 , depending on the empirical parameters c a (m) and c b (1/hr). This relationship reads t top ¼ f αd 1=c b ln maxððH m0 À c c Þ; 0Þ c a :
The time required to erode the clay layer underneath the grass cover follows from t sub ¼ f αd maxððd tot À 0:2Þ; 0Þ 
in which d tot is the layer thickness of the clay layer, including the top layer with grass roots, and c d is a constant, depending on the sand fraction f sand (c d ¼ 1:1 þ 8maxðf sand À 0:7; 0Þ). Discontinuities in the functions may lead to instability of the probabilistic computations. Therefore, expressions of the form maxðx À x 0 Þ; 0Þ are replaced by a continuous hinge function (maxððx À x0Þ; 0Þ ¼ δln½1 þ expððx À x0ÞÞ=δ), where the scale parameter δ is in the order of 0.01-0.1, depending on the magnitude of x. Kruse (2010) has studied the effect of other slope angles. Based on the differences in erosion duration for 1:3 slopes and 1:6 slopes, a linear correction factor for the slope angle is developed:
where the ratio r α between 1:6 and 1:3 slopes is 1.51 on average, with a standard deviation of 0.11.The load duration t load is defined as the duration (hrs) of the period in which the water level is between the peak still water level ζ and a distance of Δz below the peak water level. Storm data were selected from time series with measured water levels, and a mean value and standard deviation of the load duration were determined for different values of Δz.
The wave impact zone is assumed to range between still water level and 0.5 times the significant wave height below still water level. Outside this range, there is no wave impact (De Waal and Van Hoven, 2015) . Application of a uniform distribution of the water level over Δz leads to the following expression for the effective load duration (hrs):
Test simulations showed that the failure probability gradually decreases with increasing Δz, as long as Δz > H m0 =2. The dependence is only weak. Even extremely strong grass covers cannot withstand waves higher than 2.0 m. Therefore, a value of Δz ¼ 2:0=2 ¼ 1:0 m is selected. The location on the dike slope with the highest probability of exceedance of Z < 0 can not be determined beforehand, but follows from the probabilistic computations.
